Overexpression and inhibitor studies have suggested that the c-Myc target gene for ornithine decarboxylase (ODC), the enzyme which converts ornithine to putrescine, plays an important role in diverse biological processes, including cell growth, differentiation, transformation, and apoptosis. To explore the physiological function of ODC in mammalian development, we generated mice harboring a disrupted ODC gene. ODC-heterozygous mice were viable, normal, and fertile. Although zygotic ODC is expressed throughout the embryo prior to implantation, loss of ODC did not block normal development to the blastocyst stage. Embryonic day E3.5 ODCdeficient embryos were capable of uterine implantation and induced maternal decidualization yet failed to develop substantially thereafter. Surprisingly, analysis of ODC-deficient blastocysts suggests that loss of ODC does not affect cell growth per se but rather is required for survival of the pluripotent cells of the inner cell mass. Therefore, ODC plays an essential role in murine development, and proper homeostasis of polyamine pools appears to be required for cell survival prior to gastrulation.
thine (DFMO) compromises cell growth and transformation (3) and induces cell cycle arrest in G 1 (35, 43) . ODC inhibition results in marked reductions in the intracellular levels of the polyamines putrescine, spermidine, and spermine, which appear essential for fundamental processes such as stabilization of chromatin and cytoskeletal structure (4), translation (37) , transcription (10) , semiconservative DNA replication (42) , and the protection of cells from DNA damage (25) . Chronic reductions in polyamine levels have also been reported to lead to apoptosis, especially following exposure to oxidative stress (14) . Paradoxically, ODC overexpression, which upregulates putrescine levels, can also trigger the apoptotic program (34) . Overall, these findings strongly support the concept that proper homeostasis of polyamine pools is a critical determinant of cell fate.
In eukaryotes, loss-of-function mutations in ODC have been created in Saccharomyces cerevisiae and Leishmania donovani, and a naturally occurring ODC mutant has been identified for the nematode Caenorhabditis elegans. Loss of ODC in haploid yeast results in a cessation of growth (45) , whereas deletion of ODC in L. donovani (23) and C. elegans (26) is lethal, unless these animals are supplied with exogenous putrescine or polyamines in their diets. However, the cause of the lethality of ODC deficiency in these lower organisms is not resolved, and relatively little is known about the role of ODC during vertebrate embryogenesis. To address this issue directly, we examined the biological role of ODC in the mouse by gene targeting, and we demonstrate a critical in vivo role for ODC in promoting cell survival prior to gastrulation.
MATERIALS AND METHODS
Construction of the ODC targeting vector. Genomic clones of the murine ODC gene were isolated from a 129/SVE mouse genomic library in EMBL3 using a full-length murine ODC cDNA probe (kindly provided by Daniel Nathans).
Positive clones were restriction mapped, subcloned into pBluescript SK(ϩ), and sequenced. Standard recombinant techniques were used to design the targeting vector schematically shown in Fig. 1A . A 304-bp SalI-SstI fragment that included most of exon 2 and all of exon 3, including the translation start site of the ODC gene, was replaced by an internal ribosome entry site-linked LacZ-neomycin cassette (31) , which allowed the positive selection of recombinant clones. A herpes simplex virus thymidine kinase cassette mediating negative selection was inserted in the 3Ј end of the construct at the HindIII site within ODC (Fig. 1A) .
Targeting of ES cells and generation of ODC-deficient mice. Linearized vector DNA was introduced by electroporation into W9.5 embryonic stem (ES) cells cultured as described previously (36) . Following selection with G418 (250 g/ml) and 1-(2'-deoxy-2'-fluoro-␤-D-arabinofuranosyl)-5-iodouracil (FIAU) (1 M), eight correctly targeted homologous recombinants were identified by PCR and Southern blotting (see below). To generate chimeric mice, C57BL/6J blastocysts injected with two independent ODC ϩ/Ϫ ES clones were implanted into pseudopregnant foster mothers. Several chimeric males, identified by their agouti coat color, gave germ line transmission, and their offspring were screened for the presence of the disrupted ODC gene. All animal experiments performed fully complied with federal and institutional guidelines.
PCR assays. Genotyping of mice and embryos older than E8.5 was performed on tail DNA and visceral yolk sac DNA, respectively, lysed at 55°C in 400 l of lysis buffer (500 mM KCl, 100 mM Tris-HCl [pH 8.3], 0.1 mg of gelatin/ml, 1% NP-40, 1% Tween 20, 500 g of proteinase K/ml) for 3 h. The proteinase K was inactivated by boiling for 10 min, and 3 l from each sample was used for standard PCR using the Taq PCR Core kit (Qiagen). For embryos younger than E8.5, and for blastocyst outgrowths, different buffers (described in reference 51) were used. In all cases, a mixture of three PCR primers was used to detect wild-type and mutant alleles: P1 (5Ј-CGAGGTCCGCAACATAGAACG-3Ј), P2 (5Ј-CTCTGTAAGTACGGGAAGCCC-3Ј), and NEO (5Ј-CCCACACCTCCCC CTGAACC-3Ј), which amplified 270-bp (wild-type) and 470-bp (knockout) fragments. The PCR cycle profile was as follows: 1 cycle of 94°C for 4 min, followed by 34 cycles (standard) or 39 cycles (blastocysts) of 94°C for 1 min, 64°C for 1 min, and 72°C for 1 min, and finally 1 cycle of 72°C for 6 min. PCR products were analyzed by standard agarose gel electrophoresis.
In vitro culture of blastocyst outgrowths. Natural matings between male and female ODC ϩ/Ϫ mice were used to obtain embryos of all genotypes (wild type, ODC ϩ/Ϫ , and ODC Ϫ/Ϫ ). Embryos were staged according to the detection of vaginal plugs resulting from the crosses (noon of day 1 of plugging equals E0.5). Blastocysts at E3.5 were flushed from the uterine horns, extensively washed in phosphate-buffered saline (PBS), and cultured individually in ES cell medium lacking leukemia inhibitory factor on gelatin-coated 96-well plates for 5 to 6 days. Morphology of the outgrowths was assessed at specific intervals, photographs were taken with an inverted microscope (Olympus), and the genotype of the blastocyst cultures was determined by PCR.
Whole-mount LacZ staining. Free-floating blastocysts were fixed in 0.2% (vol/ vol) glutaraldehyde and 1% (vol/vol) formaldehyde in PBS for 10 min at room temperature (RT) and washed extensively. LacZ activity was assessed by incubation of the embryos at 37°C in the histochemical reaction mixture [1 mg of 4-chloro-5-bromo-3-indolyl-␤-galactosidase (X-Gal)/ml, 4 mM K 4 Fe(CN) 6 ⅐ 3H 2 O, 4 mM K 3 Fe(CN) 6 , and 2 mM MgCl 2 in PBS] for 20 h in a humidified chamber.
TUNEL assays. E3.5 to E4.0 embryos resulting from heterozygous intercrosses were collected, washed in PBS, and fixed in freshly prepared 4% paraformaldehyde in PBS for 15 min at RT. After permeabilization in PBS containing 0.1% (vol/vol) Na citrate-0.1% (vol/vol) Triton X-100 for 10 min at RT, they were washed twice in PBS and tested for evidence of apoptosis by TUNEL (terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling), according to the manufacturer's instructions (in situ cell death detection kit, fluorescein; Roche). At the end of the assay, blastocysts were washed, individually transferred to a drop of PBS on a depression slide, and examined by confocal laser scanning microscopy.
Immunofluorescence. The first steps of the procedure were the same as for the TUNEL assays described above. Following permeabilization and washing, the embryos were stained overnight at 4°C with an antibody specific to phosphohistone H3 at Ser 10 (1:200 dilution; Upstate Biotechnology) in a drop of PBS containing 0.7% bovine serum albumin and 10% goat serum, under mineral oil. After three washes in PBS for 5 min, anti-phosphohistone H3 antibody binding was detected with Cy3-conjugated secondary antibody to rabbit immunoglobulin G (1:200; Jackson Laboratories). Embryos were then washed in PBS and immediately analyzed for immunofluorescence by confocal microscopy.
For ODC whole-mount immunofluorescence, the blastocysts were first incubated in blocking solution (1% goat serum in PBS) for 20 min and then stained with anti-ODC antibody (B250-1; Accurate Chemical & Scientific Corp.) at a 1:100 dilution in blocking solution for 2 h at RT. After three washes in PBS (10 min each), they were incubated with the secondary antibody Alexa-488 antirabbit immunoglobulin G (Molecular Probes) in blocking solution for 1 h at RT. The embryos were then treated for 30 min at RT with RNase A and stained with propidium iodide for 5 min. They were finally washed in PBS and mounted on slides for analysis by confocal microscopy.
Histological analysis. Deciduae at E5.5 were isolated, fixed in 10% buffered formalin overnight at 4°C, processed, and embedded in paraffin using standard procedures. Four-micrometer-thick sections were prepared and stained with hematoxylin and eosin. Coverslips were removed from sections to be microdissected by immersion in xylene, and the sections were air dried. Embryonic tissue was microdissected using a PALM laser microscope system (PALM Microlaser Technologies, Bernied, Germany). Microdissected tissue was catapulted into the caps of microcentrifuge tubes, and the DNA was subsequently extracted and subjected to PCR amplification.
Putrescine rescue experiments. Intact uteri were removed at E6.5 and E7.5 from heterozygous pregnant females which had been administered putrescine (Sigma) at a concentration of 0.1 mM in their drinking water from the day on which a vaginal plug was detected. Water was changed daily to ensure putrescine stability and effectiveness. Embryos were dissected from the decidua and genotyped as described above.
RESULTS
Gene targeting of murine ODC results in embryonic lethality. We constructed a targeting vector in which ODC sequences encompassing most of ODC exon 2 and all of exon 3, including the ATG initiation codon, were deleted by replacement with an internal ribosome entry site-LacZ-Neo (␤-geo) selection cassette. The herpes simplex virus thymidine kinase gene was used as a negative selection marker (Fig. 1A) . The choice of a promoterless targeting strategy was based on the observations made by Northern blotting that the ODC gene is actively transcribed in ES cells (data not shown). The insertion of the ␤-geo expression cassette deletes the first 35 amino acids of ODC. This targeting construct was introduced into W9.5 ES cells by electroporation, and cells that had undergone homologous recombination were enriched by selection with G418 and FIAU and identified by PCR and Southern blotting (Fig. 1B) . Eight independent correctly targeted clones were identified, and two having a normal karyotype were microinjected into C57BL/6 blastocysts and transplanted into pseudopregnant females. High-and medium-chimeric mice were obtained and subsequently transmitted the mutated ODC allele to their progeny. The validity of the ODC mutation was confirmed by performing ODC enzyme assays using whole-cell extracts isolated from wild-type and heterozygous (ODC ϩ/Ϫ )-derived MEFs. ODC enzyme activity was reduced by half in MEFs prepared from ODC ϩ/Ϫ mice compared to the activity in those derived from wild-type littermates, clearly showing a dosage effect (data not shown). Male and female ODC ϩ/Ϫ mice appeared phenotypically normal, were fertile, and were indistinguishable in size or growth from their wild-type littermates. However, genotyping the litters of mice arising from ODC ϩ/Ϫ intercrosses failed to show any homozygous null ODC mice, indicating a prenatal lethality (Fig. 1C) , although numbers of wild-type and ODC ϩ/Ϫ mice were as expected.
To precisely pinpoint the time of embryonic death, we dissected embryos from heterozygous intercrosses at different days of gestation from E6.5 to E12.5 and genotyped them by PCR. As shown in Table 1 , of the 233 deciduae tested, 178 contained morphologically normal fetuses, of which 118 were ODC ϩ/Ϫ and 60 were wild type. No ODC Ϫ/Ϫ embryos were detected at these embryonic stages. In accord with this finding, embryos were not found in about 25% of the deciduae at E6.5, and attempts to genotype the residual tissues from these empty implantation sites were not successful. These data indicate that ODC-deficient embryos cannot survive to gastrulation.
To assess at what stage ODC-deficient embryos died, more timed matings were initiated and E5.5 deciduae obtained from ODC ϩ/Ϫ intercrosses were fixed, embedded in paraffin, sectioned, and stained with hematoxylin and eosin. Histological sections revealed obvious abnormalities that distinguished normal from mutant conceptuses following implantation (Fig. 2) . All wild-type and ODC ϩ/Ϫ embryos showed normal growth patterns, with the typical structure of early egg cylinders. By contrast, at this stage of development, almost one-quarter of decidual swellings were virtually empty, with decreased numbers of cells and small and poorly organized embryos (Fig. 2) . Embryos having these abnormalities in organization and cellular morphology were confirmed to be ODC Ϫ/Ϫ by genotyping residual tissue isolated by laser microdissection. Overall, the data suggested that ODC Ϫ/Ϫ embryos were able to implant but quickly expired thereafter.
Exogenous sources of putrescine can rescue developmental defects in ODC-deficient C. elegans and L. donovani (23, 26) . Furthermore, putrescine supplementation in drinking water effectively blocks the inhibitory effects of DFMO on tumor formation in a mouse model of skin tumors (39) . We therefore Southern blot analysis of genomic DNA isolated from ES cell clones. Digestion of the targeted ODC locus with ScaI and hybridization to a 3Ј external probe show a 2.8-and an 8.3-kb band specific to the wild-type and targeted alleles, respectively, confirming homologous recombination. (C) Transmission of the ODC mutant allele to the progeny was determined by PCR amplification of tail DNAs using the primers described in Materials and Methods. PCR products were resolved on a 2% agarose gel in Trisacetate-EDTA buffer. WT and Wt, wild type; mut, mutant; HSV-TK, herpes simplex virus thymidine kinase; IRES, internal ribosome entry site.
addressed whether providing similar levels of putrescine in the drinking water of pregnant female mice could extend the development of ODC-deficient embryos. Although 0.5 to 1 mM putrescine in the drinking water was nontoxic to adult female mice, these doses of putrescine totally compromised pregnancy and this was associated with a marked necrosis of the uterus (data not shown). Presumably, this is due to high levels of diamine oxidase that are present in the placenta and which oxidize putrescine to produce hydrogen peroxide (9) . Decreasing doses of putrescine to 0.1 mM in the drinking water allowed mice to carry litters to term. Plugged heterozygous mice were therefore treated daily with this dose of putrescine from day 1 of pregnancy, and at various intervals of gestation, litters were harvested, examined morphologically, and genotyped. Although we failed to detect ODC-deficient embryos at day E7.5 and beyond (n ϭ 41), ODC-deficient embryos were detected at E6.5 by PCR genotyping that appeared phenotypically normal in terms of development and size (data not shown). However, the expected Mendelian ratio was not obtained, as only two E6.5 ODC-null embryos were observed out of a total of 68, indicating that this dose of putrescine can only partially rescue the deleterious effects of ODC deficiency.
Zygotic ODC is dispensable prior to implantation. To further address the developmental stage at which the defect of ODC-null embryos was manifest, we analyzed blastocysts (E3.5) generated from ODC ϩ/Ϫ intercrosses after flushing these from the uteral lumen. PCR genotyping of the blastocysts revealed that ODC Ϫ/Ϫ blastocysts were present at nearly an expected Mendelian ratio (21% [Fig. 3A] ) and that they appeared morphologically identical to their wild-type and heterozygous counterparts, with a distinct inner cell mass (ICM) and an outer layer of trophoectoderm (TE) cells (Fig. 3B) .
ODC expression has been detected by reverse transcription-PCR in two-cell embryos (13) , and yet it is unclear whether ODC is zygotic or maternal in origin. Analysis of ODC and ␤-galactosidase expression in heterozygous embryos by immunohistochemistry at later stages of development (E10.5 to E12.5) confirmed coincident expression of the ␤-galactosidase allele and the remaining ODC wild-type allele (data not shown). We therefore determined the pattern of zygotic ODC expression in E3.5 blastocysts. In agreement with ODC expression in ES cells, analysis of ␤-galactosidase activity demonstrated that the LacZ-Neo-marked ODC allele was strongly expressed in the ICM and yet was also detected in the TE (Fig. 3C) . ␤-Galactosidase expression can be maternally inherited. However, ␤-galactosidase staining was also evident in embryos resulting from crosses between ODC ϩ/Ϫ males and wild-type females, proving that the expression detected is zygotic. Immunostaining with an ODC-specific antibody confirmed that ODC was expressed in both the ICM and TE of wild-type blastocysts (Fig. 3D) . Reduced staining of ODC protein was evident in ODC Ϫ/Ϫ blastocysts (data not shown), and we presume that some maternally derived ODC protein persists to this stage. Thus, reductions in ODC do not impair development prior to implantation, and the lethality of ODC-deficient embryos indeed occurs after E3.5.
ODC is required for the expansion of the ICM in vitro. To address whether the abortive development of ODC-deficient embryos was due to some generalized defect in cell growth, or to lineage-specific defects, blastocysts isolated at E3.5 were individually cultured in vitro on gelatin-coated plates for a period of 5 days and then genotyped. During the early phases of these cultures, most blastocysts obtained from three separate litters (8 wild-type, 12 heterozygous, and 5 null, as genotyped after 3 days in culture) attached to the substratum, hatched from the zona pellucida, and started to expand their ICMs and to form outgrowths having the classical appearance of migrating trophoblastic cells (Fig. 4) . However, by 18 h, the ICMs of the five ODC-null blastocysts stopped proliferating, and they degenerated soon thereafter (Fig. 4) . This phenotype became fully manifest over the next 2 days, and only ODCdeficient trophoblastic giant cells persisted in long-term culture (Fig. 4) . Two embryos of unknown genotype were able to attach but quickly collapsed and regressed inside the zona pellucida, suggesting that some ODC-deficient blastocysts had more severe defects. A range of concentrations of putrescine (1 to 100 M) that are known to override a DFMO-induced cell cycle arrest (35) failed to rescue the growth of ODCdeficient blastocysts, suggesting that losses in polyamines prior to this stage compromise the capacity of ODC-deficient ICMs to expand. Overall, these results demonstrate that the expansion of the ICM is strictly dependent upon ODC.
Loss of ODC results in increased apoptosis of the ICM. The in vitro growth deficits of ODC-deficient ICMs could be due to defects in cell cycle progression and/or survival. Polyamines appear required for chromatin structure and semiconservative DNA replication but are also required for proper transit through G 2 /M (5). To address whether ODC-null blastocysts had proliferative defects, we immunostained 17 blastocysts with an antibody that specifically recognizes histone H3 phosphorylated at Ser 10 , which selectively detects cells in mitosis (1) . No striking differences were observed in any of the embryos analyzed, and ODC-deficient blastocysts (n ϭ 3) contained similar numbers of mitotic cells as their wild-type litter- mates (Fig. 5A) . Although we cannot formally exclude an ODC-dependent proliferative defect after this particular stage of development, these data suggest that E3.5 ODC-null embryos are not ostensibly impaired in their proliferation.
To address whether ODC-deficient blastocysts had defects in survival, TUNEL assays were performed on E3.5 blastocysts isolated from five litters (n ϭ 45). We observed evidence of increased chromosomal DNA breakage associated with apoptosis in about 15% (n ϭ 7) of the blastocysts. Although we could genotype only some of these embryos, ODC-deficient embryos displayed many fluorescent dots compared to the small number of TUNEL-positive cells found in their littermates (Fig. 5B) . Strikingly, this massive cell death occurs in the ICM, suggesting that the failure of ODC-deficient ICMs to expand is due to their intrinsically high rates of apoptosis.
DISCUSSION
ODC is a well-defined target gene for c-Myc and other oncogenes (6) , and ODC activity is necessary and sufficient to promote transformation (3) . Genetic studies of lower organisms such as C. elegans and L. donovani have demonstrated that ODC plays an essential developmental role, but the cause of lethality in these ODC-deficient organisms is not resolved (23, 26) . In vertebrates, there is little evidence for a developmental role for ODC other than inhibitor studies. For example, in vitro depletion of spermine and spermidine by an inhibitor of S-adenosyl-L-methionine decarboxylase arrests growth before the eight-cell or morula stage of fertilized murine embryos, whereas DFMO, a potent inhibitor of ODC, arrests development at the morula-to-blastocyst transition (54) . Furthermore, chicken embryos injected with DFMO have marked reductions in their polyamine levels and fail to develop past gastrulation (22) . Similarly, scheduled administration of DFMO during pregnancy in mice induces resorption of embryos when introduced at gestational days 7 and 8 (17) . However, these inhibitors may have other targets, and these experiments fail to discriminate whether arrest in embryonic development is due to a lack of maternal ODC or zygotic ODC. Here we have In spite of the severe phenotype found later, the cleavage stages, compaction, differentiation of TE, and blastocoel formation can occur independently of zygotic ODC. This is perhaps not surprising if one posits that maternal stores of ODC and/or polyamines are present in sufficient quantities in the embryo until E3.5. In support of this concept, ODC transcripts are detected in the oocyte by reverse transcription-PCR and continue to increase in abundance until the morula and blastocyst stages (13) . In addition, DFMO treatment arrests development in vitro at the morula-to-blastocyst transition (54), whereas ODC-null embryos develop to the blastocyst stage. Thus, it appears likely that a maternal component(s) contributes to the rescue of preimplantation ODC-deficient embryos.
Zygotic ODC expression appears to be crucial when the decidual reaction takes place in the uterus. This hormonally regulated process follows the attachment of the hatched blastocyst and involves an increase in the numbers and permeability of local capillaries. At the time of implantation, the first differentiation event within the blastocyst is the proliferation and invasion of trophoblastic cells through the uterine epithelium. This ensures tight connections between the conceptus and maternal tissue. Concurrent with this process, the ICM undergoes rapid proliferation that extends into the blastocoel cavity to form a structure known as the egg cylinder.
Our work has demonstrated that zygotic ODC is expressed in both embryonic (ICM) and extraembryonic (TE) compartments (Fig. 3C) . ODC-deficient embryos are able to initiate implantation in vivo, and trophoblast outgrowths appear to occur normally in culture (Fig. 2) . Thus, at face value, these data would suggest that an extraembryonic defect is not the cause of the death of ODC-deficient embryos. However, at this juncture other interpretations of these results are plausible, and it will be important to perform chimeric studies to evaluate the developmental fate of ODC-deficient TE. The data are most consistent with the hypothesis that ODC is critical for the survival of cells within the ICM compartment, as ODC-deficient ICMs exhibit a marked increase in their apoptotic index (Fig. 5B) . This most likely prevents the expansion of ODCdeficient ICMs during ex vivo culture, as there appears to be no defect in the growth of ODC-deficient cells as judged by phosphorylation status of H3. However, we cannot exclude the possibility that there might be later defects in cell growth. The onset of the ODC-deficient phenotype is stochastic, as some ODC-deficient embryos can implant whereas others have high rates of apoptosis at the blastocyst stage. In part, these differences could reflect the ability of maternal products to maintain viability of some ODC-deficient embryos. The partial effects of putrescine rescue in promoting survival of ODC-deficient embryos to E6.5 could similarly be due to differences in damage suffered by blastocysts and/or to maternal effects. Alternatively, a more trivial interpretation is that the putrescine rescue actually works but that it is compromised by maternal drinking behavior. To test this hypothesis, we are currently trying other ways to supplement the ODC ϩ/Ϫ pregnant females with putrescine.
A hallmark of the ODC-deficient phenotype is the degeneration of the embryo at the early egg cylinder stage. The knockouts of two other Myc targets, Cul1 and H-ferritin, also result in embryonic lethal phenotypes, although the lethalities appear to occur somewhat later (12, 16, 52) . The deletion of Max, the required dimerization partner of Myc, is associated with defects in the ICM, but this has been attributed previously to alterations in proliferation rather than survival (46) . In contrast, similar to ODC-deficient embryos, ATR-and Chk-1-deficient blastocysts have marked defects in their survival. These observations, along with the null phenotypes of the oxidative regulators thioredoxin and H-ferritin (16, 27) , suggest interesting connections between ODC and the DNA damage pathway. Polyamines stabilize chromatin structure, and this may account for their ability to prevent DNA damage (48, 49) . Furthermore, cells depleted of polyamines are deficient in their ability to repair X-ray-induced DNA strand breaks, suggesting that they also play a role in stimulating DNA repair (47) . Finally, an emerging concept in the field is that polyamines play a proactive role in circumventing DNA damage by acting as antioxidants (25) . Indeed, it has been shown previously that spermine is an endogenous scavenger of reactive oxygen species (ROS), which directly induce DNA damage and chromosomal breakage (21) . Paradoxically, the catabolism of polyamines leads to the production of ROS (30) , and this has been proposed previously to play a physiological role in regulating programmed cell deaths in the blastocyst, where 10% of the cells of the ICM undergo apoptosis (19) . This process eliminates ICM cells having TE potential, to prevent the formation of TE within the germ layers during gastrulation (41) . By contrast, our data indicate that loss of ODC, and thus depletion of polyamines, leads to massive apoptosis in the ICM.
Based on these observations, we propose two models that may explain the apoptotic phenotype of ODC deficiency (Fig.  6 ), and these are not necessarily mutually exclusive. Firstly, imbalances in polyamine pools may result in inappropriate polyamine catabolism and lead to excessive levels of ROS, which would result in DNA damage and cell death. Secondly, rapid embryonic growth is always accompanied by an oxidative burst, and the levels of ROS generated must be detoxified to prevent cytotoxicity (53) . Reductions in intracellular polyamines would compromise one line of defense, as polyamines directly scavenge ROS, and this would place cells of the ICM at risk of DNA damage and death (Fig. 6) .
Taking into account the pleiotropic roles played by polyamines in cellular processes, additional alternatives causing lethality in ODC-deficient embryos cannot be excluded, and the drastic phenotype observed may be a combination of simultaneous defects. In addition to accepted effects on transcription, translation, replication, and growth that are difficult to reconcile, reductions in polyamines could also affect DNA methylation. DNA methylation is required for early embryonic development, and this presumably reflects the demethylation of DNA at the blastula stage and subsequent de novo methylation of the entire genome at the time of implantation (29) . There are three DNA methyltransferase genes that play essential roles during development, Dnmt1, Dnmt3A, and Dnmt3B. Dnmt1-deficient embryos die between gastrulation and E9.5 (24) , and Dnmt3A/3B double-null embryos die before E11.5 (33), both substantially later than ODC-deficient embryos. However, the triple Dnmt knockout has not been created, and it is formally possible that these embryos will display an earlier lethality. The substrate for DNA methyltransferases is S-adenosylmethionine (AdoMet), which is also a precursor in the synthesis of the polyamines (50) . Conversely, decarboxylated AdoMet acts as a competitive inhibitor of DNA methyltransferase (22) . Depletions of putrescine and spermidine typically lead to dramatic increases of decarboxylated AdoMet (18) . In the case of the ODC-deficient embryo, we propose that reductions in putrescine should result in the accumulation of decarboxylated AdoMet and that this may inhibit methylation of the genome. Further evaluation of the ODC knockout should allow us to distinguish between these alternatives.
